Insoluble iron present in soil severely restricts its bioavailability for plant growth. Microorganisms present in the rhizosphere release siderophore to make it available to the plants. Among others, fluorescent pseudomonads are known to exert extensive biocontrol action against soil and root borne phytopathogens through release of siderophores. A total of 172 rhizobacterial isolates were obtained from two different ecosystems viz. forests and agricultural soils, among these 34 were found to produce siderophore with an apparent decrease in siderophore production when supplemented with 20 µM iron. With the aim of utilizing siderophore production as an antagonist against Fusarium oxysporium, isolates, four Pseudomonas isolates namely RSP7 (KR051487), RSP8 (KR051488), RSP3 (KR051489) and RSP5 (KR051490) were selected. Paired t-test analysis resulted in showing antagonism of RSP5 as 48.5% on plate, and the paired t-test value as 14with a significance of P< 0.01. RSP showed an antagonism of 20% on plate with t value of 31.1 and P< 0.01. Paired t-test analysis proved a highly significant antagonism with isolate RSP7 (t = 37.37, P < 0.001). The results among the four isolates are comparable with RSP3 as best enhancer and antagonist followed by RSP5 > RSP7 > RSP8. Siderophore mediated antagonism when iron d" 20 µM and maximum shoot and root length and dry weight were observed with Pseudomonas as inoculants suggesting application of siderophore producing plant growth promoting rhizobacterial strains in crop productivity.
Iron is one of the most abundant and major component for various vital functions (photosynthesis, enzyme cofactor, redox reagent, respiration, synthesis of nucleosides and amino acids) of the plant. It has different redox activities and ability to form co-ordination compounds with variety of ligands, forming insoluble hydroxides at neutral and alkaline pH, thus making it unavailable for plants 1 . Microbes inhabiting the rhizosphere serve as an intermediary between the plant, which requires soluble inorganic nutrients, and the soil, which contains the necessary nutrients in complex and inaccessible forms 2 . In response to evade the solubility problem microbes synthesize iron chelators called siderophores 3 .
Siderophores are relatively low molecular weight, iron chelating compounds, produced under iron limited conditions in order to enhance the plant growth by scavenging iron from the environment and making the mineral available to the cell near the root [4] [5] . Siderophore is also known to be one of the biocontrol mechanisms belonging to Plant Growth Promoting Rhizobacteria (PGPR) groups of microbes including Pseudomonas, Azospirillum, Azotobacter, Bacillus, Klebsilla, Entrobacter and Serratia 6 by producing antibiotics, antagonistic substances, plant hormones, biocontrol agents 7 and bioremediation agents [8] [9] [10] . Among the PGPR's fluorescent Pseudomonas spp. has received much attention because of their involvement in natural disease suppressiveness against various bacteria (Ralstonia solanacearum) and phytopathogenic fungi such as Phytophthora parasitica, Phythium ultimum, Fusarium oxysporum veridianthi and Sclerotinia sclerotiorum [11] [12] suppressing different plant diseases of wheat, black rot of tobacco and Fusarium wilt, fungal diseases of orange, lemon, citrus roots and ornamental plants [13] [14] . All these studies indicate the effectiveness of fluorescent pseudomonads to control the plant pathogens in different crops. Since F. oxysporum is a common pathogen and responsible for wilting of banana, strawberry, muskmelon, asparagus, spinach, lettuce, tomato plants leading to death 15 , to overcome the wilting disease in Lycopersicon esculentum, radish (Raphanus sativus L.), Pythium damping-off and root rot of cucumber and Botrytis cinerea in tomato, Pseudomonas sp. can be used as an ecofriendly biocontrol agent 16 . The purpose of the study was to isolate siderophore producing Pseudomonas spp from forest/ agricultural soil, and utilize them for enriching the iron deficient soil. The siderophore producing property of Pseudomonas isolates were further explored for controlling the growth of Fusarum oxysporium. The research could be beneficial in utilizing the properties of Pseudomonas as an effective strategy to enhance iron availability as well as biological control agent.
MATERIAL AND METHOD

Field Site
Soil sample were collected from two ecosystems of Uttarakhand State, India; Pinus and Querecus forest of Lamgarah 2,000m and cultivated fields of Almora situated at the southern edge of the Kumaun Hills of the Himalaya range 17 .
Isolation of bacteria
Six different soil samples were collected from three sites (Pine forest, Oak forest and Agricultural land) at a depth of 1-10cm surface soil and 1ft deep soil. Soil samples were serially diluted and aliquots of the resulting solutions were plated on King's B 18 and Gould's media 19 . Plates were incubated at 28 o C for 24 hrs.
Screening for siderophore producing isolates
A total of 172 isolated colonies were screened for siderophore production. Colonies from King's B and Gould's media plate were inoculated in King's B broth and incubated for 24 hours at 28°C and 120 rpm. Loop full of overnight grown culture was spot inoculated on Chrome azurol 'S' agar media (CAS media) containing: (A) Chrome azurol 'S' (B) 1mM FeCl 3. 6H 2 O in HCl, (C) HTMA in nutrient agar (pH 7) (20) . These plates were kept in incubator at 28°C for 48 hrs. Total 51 isolates were found positive on CAS media plate for siderophore production. Quantification for siderophore production 14 siderophore producing isolates with zone size more than 2cm on CAS plate were selected for quantification of siderophore produced. Sodium Succinate Medium (SSM medium) gL -1 : K 2 HPO 4 -6.0, KH 2 PO 4 -3.0, (NH4)2SO 4--1.0, MgSO 4 .7H 2 O -0.2, Succinic acid-4.0, Agar-20 (21) was used for quantification with two sets a) SSM supplemented with 20µM Fe, b) SSM without adding 20µM Fe. SSM was inoculated with overnight grown culture of presumptive Pseudomonas and incubated at 28°C for 24hrs at 120 rpm. SSM was then centrifuged at 5000 rpm for 8 min (Sigma 3 K30) and absorbance of the supernatant was read at 400 nm. Samples from SSM medium inoculated with overnight grown culture were withdrawn after 24 hrs. Siderophore produced was quantified using formula. Siderophore Conc. = A λ x M.Wt of siderophore / E λ x 10 -6 (mg/L) or (µg/mL) The data was analyzed for comparative statistics e.g., mean ± standard error, One Way Analysis of Variance (ANOVA), and t-test (two tailed). Values of P < 0.05 were considered as significant. o C for 10 min. The amplified product along with DNA molecular weight markers was run on a 0.8% agarose gel mixed with ethidium bromide at a constant voltage (60 v) and visualized in gel documentation system (InGenius3, Synegene). Amplified DNA product was eluted from agarose gel using Qiagen gel elution kit as per the manufacturer's instructions and protocol. The pure eluted amplified DNA product was sent for 16S rDNA sequencing.
Phylogenetic Analysis and Strain Identification
The obtained 16S rDNA sequence was subjected to nucleotide blast (blastn) at NCBI to retrieve homologous sequences and identify the strain to the generic level. The multiple sequences were aligned using CLUSTALW2, the multiple sequence alignment program from EMBL-EBI, UK, and the phylogenetic tree was constructed through neighbor-joining method in Phylip and viewed using TreeView program.
Antagonistic potential against Fusarium wilt in Lycopersicon esculentum (Pot trial experiment)
Four Pseudomonas isolates namely RSP7, RSP5, RSP3, RSP8 showing the maximum antagonistic activity and identified as various strains of Pseudomonas aeruginosa were selected for pot trial experiment. Soil and sand were passed through a sieve mesh and autoclaved three times with a day's gap in between, autoclaved soil and sand were mixed in a ratio of 3: 1 and filled in pots with a size of 100kg each. Disease free Tomato plants were taken from a 15day nursery and the experiments were set up in triplicate. Different combinations were designed in triplicates as: a) Infected soil with fungus; b) Infected soil with bacteria; c) Infected soil with bacteria and fungus; d) Infected soil with bacteria and fungus with Fe (20 µM); e) Inoculation of bacteria to diseased plant f) Control: Without fungus and bacteria.
For inducing disease to the plants F. oxysporum spores (1x10 7 spore ml -1 ) were mixed with the soil. Plant roots were dipped in the mother culture of selected isolates according to the experimental design and planted. The influence of iron was evaluated by employing Hoagland solution 22 . For this, Hoagland solution without 20µM iron was used to induce siderophore production and Hoagland solution with 20µM iron was used to stop/reduce siderophore production. Hoagland's solution was added twice a week along with sterile distilled water at regular intervals (i.e., alternate days), throughout the duration of the experiment. The experiment was studied under greenhouse, with a temperature of 18 o C (night) and 24 o C (day), 80% relative humidity for 30 days. After 30 days of plantation shoot length, root length, fresh wt., and dry wt. for all the plants (triplicates) were recorded.
RESULT AND DISCUSSION
Isolation of Bacteria
Fluorescent as well as non-fluorescent Pseudomonas colonies were able to grow in King's media, as it is relatively nonselective media (23) and fluorescent Pseudomonas were able to grow in Gould's media selectively as the media is based on a detergent, sodium lauryl sarcosine, and an antibiotic, trimethoprim 19 thus the number of colonies in both the media differed. A total CFU of 17.2 x 10 5 were found from all the six sample of soil. Pseudomonas population was found to be dominant as they have a strong competitive behaviour, colonization potential and sustainability in soil/ rhizosphere exerting growth promoting influence on a variety of plant species 24 .
Screening for siderophore producing isolates
Among 172 colonies on King's B and Gould's media, 36 were found to from an orange color halo. Fe (III) gives the agar a rich blue color and concentration of siderophores excreted by iron starved organisms results in a color change to orange. The change in the color of medium from blue to orange halo, confirmed siderophore production on CAS medium 25 also effectively differentiated between bacteria that were able to excrete large amounts of siderophore by performing this same method (CAS agar). Quantification of siderophore production with and without adding Iron (Fe 3+ ) Siderophore quantification for 14 siderophore producing isolates was done with and without adding 20 µM iron. Supernatant of SSM medium after 24hrs of inoculation was scanned spectrophotometrically and clear peak in the range of 367-400nm confirmed the production of siderophore 21 . Siderophore production without addition of iron was found to be 74.7-210µg mL -1 , while it was observed that after iron supplementation, siderophore production was repressed by 24-86% (Table I) ) than the soils with Fe as supplement (127.183µgmL -1 ). Similarly, PD5 did not show any significant difference in siderophore production after adding Fe (t= 6.519; mean difference = 7.36; P > 0.05). The statistical analysis also supports that siderophore production is related to presence of iron. A considerable difference was observed for some isolates (RSP8: 86%, RSP5: 47%, RSPG2: 46%, RSP2: 36%, RSP3: 31%, PS5: 23%, AS17: 27%) in presence and absence of Fe, confirming sensitivity of siderophore for iron. The results were found to be in accordance with earlier reports as by 21, 27 .
Screening of Pseudomonas isolates for antagonistic property against Fusarium oxysporum
The 14 isolates were quantified with and without Fe were screened for their antagonistic property against F. oxysporium by plate assay method (Fig 2) . Isolate RSP8 was unable to show antagonism against F. oxysporium as plate was fully covered with F. oxysporium mycelium representing 0% zone of inhibition. Isolate QD2 and PDG2 showed the maximum antagonistic property of 57% while RSP5, RSPG2, AS17 showed 48% antagonism (Table II) .
It was observed that siderophore shows an antagonism of 20% on plate with t value of 31.1 and P< 0.01. Paired t-test analysis proved a highly significant antagonism with isolates RSP7, PS10, QD2, PS5 (t = 37.37, t =18.5; t = 25.90 t = 62 respectively P < 0.001). RSP2 (t=8.2) and RSP3 (t=7.9) represent almost similar t values with a significant antagonism of P < 0.01. RSP3 showed an antagonism of 57.1%. (Table II) . The analysis supports our study that the Pseudomonas isolates producing significant amount of siderophore in deficiency of iron possess antagonistic property.
Pseudomonas sp. inhibits the mycelial growth of many species of Aspergillus, Penicillium and Fusarium 28 . The biocontrol properties of the bacteria belonging to the genus Pseudomonas are considered better because of their adaptive metabolism and their ability to produce an array of compounds inhibiting the growth of several fungal pathogens. Pseudomonas sp. has been reported for its dominance in soils of colder climatic conditions of the Himalayas and its role in plant growth promotion and biocontrol 29 . Several Pseudomonas species have been extensively used for biological control against many soil-borne plant pathogens 11 .
Identification of the isolates
The blast studies performed with sequence of the amplified 16s rDNA of the four isolates RSP7, RSP8, RSP3 and RSP5 after purification and sequencing showed that the strain exhibited 93.0-99.0% similarity with different Pseudomonas species and 99% similarity with various strains of Pseudomonas aeruginosa. Thus on the basis of molecular studies the Pseudomonas strains were identified as a Pseudomonas aeruginosa. The GenBank /NCBI accession number of the strain Pseudomonas aeruginosa strains were as -RSP3 -KR051489 (Fig 3A) , RSP7 -KR051487 (Fig 3B) , RSP8 -KR051488 (Fig 3C) and RSP5 -KR051490 (Fig 3D) 
Phylogenetic Analysis
The phylogenetic tree showed the detailed evolutionary relationships between the newly identified strain Pseudomonas aeruginosa and other closely related Pseudomonas species Fusarium wilt in L. esculentum (Fig 5) . After 30 days of pot trial experiment, it was observed that the treated plants were sturdier and taller than the control plants even at the early stages of growth (Fig 5) . When soil was inoculated with RSP3 the shoot length, root length, fresh weight and dry weight of plant was maximum with increase of 44%, 64%, 50%, and 35% respectively. Appreciable difference of 82% increase in fresh weight was observed when the plant was inoculated with F. oxysporum along with RSP3. Iron along with RSP3 and F. oxysporum decreased siderophore production but still the root length of plant increased by 50%. RSP8 neither proved to be an effective enhancer for plant growth nor as a good antagonist with a decrease in root length, fresh weight and dry weight with mere increase of 18% in dry weight. The fresh weight further decreased to 55% in presence of iron. The results among the four isolates are comparable with RSP3 as best enhancer and antagonist followed by RSP5> RSP7>RSP8 (Table III) . Earlier (Rao et al., 1999 36 also studied the influence of five strains of fluorescent Pseudomonads (GRP3, GRP6, PRS9, RBP2 and PEn4) on growth and nodulation of lentil in a Fusarium infested soil and found that the strains PRS9 and GRP3 were found to reduce the population level of pathogen by 25-50 and 50-75 per cent in rhizosphere and rhizoplane respectively.
It was also observed that siderophore production is beneficial in combating the disease produced by F. oxysporium as strains producing good amount of siderophore are effective in protecting the plant of Lycopersicon esculentum from the Fusarium wilt. For example, siderophore produced by RSP3 was found to be highest (197.45µgmL -1 ), and the plants grown in presence of F. oxysporium along with RSP3 were sturdier while siderophore produced by RSP8 was minimum (74.7 µgmL -1 ) and was not able to overcome the disease. Siderophore produced by RSP3 was utilized by the plant to combat the disease, suggesting that the siderophore produced by Pseudomonas helps the plants to overcome the Fusarium wilt of L. esculentum. Properties of Pseudomonas isolate RSP3 can be effectively used for combating Fusarium wilt and also for enhancing the growth of plants. (Gull and Hafeez, 2012 37 also reported that siderophore production is the key mechanism involved in the antagonism against pathogenic fungus.
CONCLUSION
Pseudomonas sp. is ubiquitous bacteria in soil and has many traits along with increasing the availability of iron from soil with the help of siderophore, making them well suited as PGPR. Depending upon the microbial count, the availability of nutrient to plant also changes as microorganisms convert the nutrient to readily available form for the plant. A dominance of Pseudomonas was observed in the soil of Oak and Pine forest, and agriculture soil. Siderophore producing ability of Pseudomonas is sensitive to the iron content. In scarcity of iron, siderophore production increases and as the iron content was e" 20µM siderophore production decreases. Siderophore produced by Pseudomonas aeruginosa were effective in combating wilting of L. esculentum. Antagonism increases with siderophore production indicating the inhibitory property of siderophores and can reduce crop yield losses caused by fungi in the root environment. Though different mechanisms might be responsible for the inhibition of F. oxysporium but through our study we found that the siderophore production is one of the main bio-control mechanism associated with the antagonistic potentiality of the rhizobacterial isolates from Kumaun Hills of Uttarakhand.
